Footprint as well as Biocapacity is dealt with at the industry level. Gross output of each industry and final demand for each industry can then be split up into a share that is reconcilable with Biocapacity and another share that corresponds to the 'Ecological Deficit'.
Introduction
The carrying capacity concept has been the main foundation for the 'Ecological Footprint indicator' first proposed by Wackernagel and Rees (1996) . This approach attempts to quantify the ecosystem resources in terms of biologically productive space that would be necessary to supply all resources a nation's population consumes and to absorb all the wastes that are generated. The Ecological Footprint concept should therefore be seen as an indicator or biophysical measure of natural capital. As Wackernagel et al. (2005) have recently pointed out, there is a link between the discussion about 'weak' vs. 'strong' sustainability (see : Neumayer, 2002 ) and the Ecological Footprint concept. The starting point of the paradigm of 'strong' sustainability is the observation of absolute scarcity of certain natural resources that leads to binding resource constraints (Daly, 1990) . This binding resource constraint represents a limit for the exploitation of non-renewable natural resources or for the carrying capacity of ecosystems to absorb emissions. The potential of substitutability between natural and man-made capital, which is the core of the 'weak' sustainability paradigm is therefore limited with binding resource constraints. The Ecological Footprint can be seen as a measure of this resource constraint, as it uses limited natural capital (land) to derive an indicator for environmental pressure of economic activity. Although the literature has deeply engaged in analysing the economic consequences of different versions of 'weak' sustainability, the economic impact of 'strong' sustainability is less well researched (Neumayer, 2002) . The main idea of this paper is to extend the biophysical measure of a binding resource constraint in the Ecological Footprint concept to an economic measure. The Footprint concept is therefore used for deriving indicators of overuse of natural capital by economic activity and not as an environmental policy advice. The model framework applied here deals with issues of environmental accounting and not environmental policy analysis. That does not rule out that it might be integrated into a large model of environmental policy analysis, e.g. a CGE model like in Ferng (2002) .
The framework applied in this paper is an extended inputoutput framework including Ecological Footprint and Biocapacity as additional accounts that are linked to the input-output model like NAMEA accounts. Starting with Bicknell et al. (1998) , a strain of literature emerged on combining the Ecological Footprint concept with input-output analysis (among others : Ferng, 2001; Murray, 2001, 2003; Lenzen and Dey, 2002; McDonald and Patterson, 2004) . Most of these papers have interpreted the Ecological Footprint concept as an indicator concept and not as a tool for environmental policy analysis itself. Ferng (2002) has incorporated this indicator concept in a general equilibrium model for environmental policy analysis in order to quantify the impacts of policies that reduce the Energy (Carbon) Footprint. Wiedmann et al. (2006) give an exhaustive literature overview and also propose a new methodology of linking Ecological Footprint accounts to inputoutput tables. This line is followed here, so that Ecological Footprint as well as Biocapacity can be allocated to industries.
The further development towards an economic measure based on the Ecological Footprint is carried out in the spirit of an adaptation of the well known 'pollution model' of Leontief (1970) . The crucial issue in order to arrive at an economic measure is to construct a link between the overuse of natural capital and the costs of production. Leontief's pollution model offers an option for this link by introducing an emission elimination sector. In the Ecological Footprint concept overuse of natural capital is defined as the difference between the Ecological Footprint and the available Biocapacity, i.e. the 'Ecological Deficit'. Introducing a technology of emission elimination therefore directly leads to the analysis of the economic repercussions of eliminating the 'Ecological Deficit'. This is the main idea of extension of the Ecological Footprint concept laid down in this paper.
Leontief's pollution model has often been criticized for being too restrictive and only applicable to pollutants with a well defined economic activity of pollution elimination (see for example : Lager, 1998) . This criticism can be seen as legitimate, if Leontief's pollution model is used as a tool for environmental policy advice. An alternative interpretation is to view the elimination activities as 'hypothetical' activities measuring the costs of overuse of natural capital. An application with natural absorption of the ecosystem as the specific pollution elimination activity in a Leontief pollution model can be found in Kratena (2004) . This interpretation of Leontief's pollution model coincides with the indicator-perspective of the Ecological Footprint. In both cases the indicator shows ex post the consequences of a certain level and structure of economic activity (produced with a given technology) in terms of loss of natural capital. If Leontief's pollution model is applied, the costs of this loss of natural capital can be approximated by the 'hypothetical' cost of (ex post) elimination.
As Lager (1998) and others have pointed out, different versions of Leontief's pollution model can be formulated concerning the treatment of 'tolerated' emissions and total eliminated emissions. The price model can then be solved for a price vector comprising the price of emission elimination (per unit of emission). In a vertically integrated formultation (Lager, 1998, p. 208 ) the price of emission elimination is substituted and output prices can be written as the only explicit solution of the price model. In that case output prices also depend on the level of emission absorption and therefore for a given level of 'tolerated' emissions on the output level. This can be seen as an important analogy to a model of Ricardian rent. Kratena (1990) has shown, how Ricardian rent can be integrated into the price model of this framework, and Lager (1998) has developed a model of Ricardian rent of Leontief's pollution model for the case of emission trading. Instead of dealing with a separate emission elimination sector like in Leontief's original work, in this paper the elimination technology is formulated as part of the production process in each industry. This is analogous to the vertically integrated formulation in Lager (1998) .
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A different link between (over)use of resources and the economy is lined out in the work of Duchin and others (Duchin, 2005 (Duchin, , 2007 Julia and Duchin, 2007) . In these studies different natural resource components are treated as primary factors and value added components within an input-output model. Rents accrue to these factors depending on the relation between the use and the endowment of resources. This is formulated in an input-output price model with international trade and given factor prices (Duchin, 2005; Julia and Duchin, 2007) . The scarcity rents for resources in this model are therefore directly derived from a reaction of the factor price of resources to the degree of utilization of resource endowments. This is different from the concept of Ricardian rent used in this paper, where the rent is derived from an increase in output prices due to the overuse and deterioration of the qualty of natural capital.
The synthesis derived in this paper therefore consists of:
(i) incorporating Ecological Footprint, Biocapacity and Ecological Deficit at the industry level into an inputoutput model, (ii) introducing an additional technology at the industry level describing the cultivation of land necessary for eliminating the Ecological Deficit, (iii) and formulating the extended input-output quantity and price model to derive a Ricardian rent from the model solution as an economic indicator of resource constraints.
It must be noted that this model is still in line with the paradigm of 'strong' sustainability, though an economic activity of compensation for the overuse of resources is introduced. This cannot be characterized as substitution of natural capital by man-made capital, as the economic activity consists of providing the necessary additional natural capital (land). Section 2 of the paper describes the methodolgy by setting up the input-output quantity and price model. Results of a first illustrative empirical application for Germany are presented in Section 3. Tentative conclusions and important issues for future research are finally discussed in Section 4.
2.
An input-output model with Ecological Footprint accounts
One possible way to integrate the Ecological Footprint accounts into an input-output model is by disaggregating them to the single industry level. In this paper this assignment to industries also includes the Biocapacity accounts, which is only viable by basing the calculations on certain assumptions. Once Ecological Footprint and Biocapacity by industry have been determined, it is straightforward to calculate the 'Ecological Deficit', i.e. the overuse of natural capital by industry. The next step of model extension consists of calculating output levels reconcilable with industry Biocapacity. The part of output of each industry resulting from this calculation can be seen as the one consistent with the Biocapacity endowment. The environmental impact of the other part of output could only be compensated by the introduction of additional Biocapacity eliminating the Ecological Deficit. This is done here at the industry level and implies an additional technology for each industry. An alternative solution would be to use the standard Leontief pollution model and introduce additional Biocapacity as a quadrant in an extended input-output framework as in Kratena (2004) . In that case the input-output model could be solved for outputs and costs of the Biocapacity sector.
The approach chosen here represents the vertical integrated formulation of the model and bears the advantage of revealing the consequences of overshooting Biocapacity more clearly at the industry level. Therefore the full economic consequences of the extension can be shown for each industry in the solution of the quantity as well as the price input-output model.
2.1.
The input-output quantity model 
In Eq. (1) x represents the (original) column vector of gross output (Table 1) . One important limitation here is that the direct Ecological Footprint of final demand (mainly private consumption) is not taken into account. The Footprint defined by the term EF
f therefore cannot be regarded as the total Footprint of household activity as in Wiedmann et al. (2006) , but comprises only the Footprint of production, expressed as the indirect Footprint of final demand.
The next main assumption is that Biocapacity as measured in the National Footprint accounts (GFN, 2006 edition, at: http:// www.footprintnetwork.org) can also be assigned to each single industry. This is straightforward for some parts of the Biocapacity (e.g.: cropland) or for the built-up land (if the statistics contain the disaggregation). For other parts of the national Biocapacity this can only be done by basing on arbitrary assumptions. The industry weights in those parts of the Footprint referring to forest could be used for example for distributing the forest Biocapacity (the detailed methodology is described in Section 3 below). It must be noted that this distribution of Biocapacity across industries is only based on assumption and results by industry therefore are highly sensitive to this assumption. If we accept this disaggregation of Biocapacity by industry, we could see it as the sector-specific endowment of natural capital and it can be used together with the matrix of direct Footprint coefficients to calculate the vector of gross output x -reconcilable with Biocapacity.
In Eq. (2) the matrix [EF dir ] − 1 is the diagonal matrix of elements (1 / ef i ). From the demand side this 'Biocapacity output' must also equal the product of the Leontief inverse with the vector of 'Biocapacity final demand', f¯. This vector can be found for given Biocapacity and given direct footprint coefficients by:
This procedure therefore enables to split up final demand into one part that is reconcilable with Biocapacity (f¯) and another part that corresponds to the overshooting Ecological Footprint (the Ecological Deficit), f ⁎ , so that f ⁎ = f − f¯holds.
For the extension of the model it is further assumed that an additional activity exists allowing each industry to expand its Biocapacity to the level of the Ecological Footprint of actual economic activity. This additional activity consists of renting 2 The notation of Wiedmann et al. (2006) is followed here. 1 ⁎ j vector of Biocapacity f 1 ⁎ j vector of total final demand f ⁎ 1 ⁎ j vector of total final demand corresponding to Biocapacity overshooting f¯1 ⁎ j vector of total final demand reconcilable with Biocapacity x 1 ⁎ j vector of total gross output x -1 ⁎ j vector of gross output reconcilable with Biocapacity cj ⁎ 1 vector of unit costs of producing xvj ⁎ 1 vector of value added coefficients of producing xv⁎ j ⁎ 1 vector of value added coefficients in the augmented model p⁎ j ⁎ 1 vector of output prices
Technical coefficient in pollution elimination (land) activity R Total Ricardian rent (scalar) the land area corresponding to the 'Ecological Deficit' and cultivating it in order to make it biophysically productive.
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Therefore the output vector of the extended model with an effective resource constraint is given by an extended matrix of technical coefficients, A ⁎ :
The elements a ij ⁎ of this extended matrix are given by:
In Eq. (5) the coefficient a iF represents the specific input from industry i measured in monetary units into an activity F per unit of land area in order to make this area biophysically productive. It is assumed that this technology is the same for all j industries. The coefficients ef j and bc j / x j are measured in land area per unit of monetary output; i.e. the whole term (ef j − bc j / x j ) corresponds to the Ecological Deficit of an industry per unit of output.
Expression (5) states that the technology itself depends on the output level via bc j / x j , so that the technology depends on quantities. This is a well known result of Leontief's pollution model with an absolute level of 'tolerated' emissions and is also demonstrated by Lager (1998) , who describes it as the invalidity of the non-substitution theorem.
It can be further shown, that
N0 and that the relationship in (5) therefore describes a concave function between the increase in inputs (as compared to the original technology described by a ij ) and the output level. This functional relationship can be seen as an equivalent to the explanation of decreasing returns in Ricardo's work. The introduction of a binding resource constraint in this framework leads to increasing inputs in order to generate the necessary additional Biocapacity for absorption.
A higher output level therefore leads to a larger input coefficient a ij ⁎ which in turn leads to higher output, and so on.
The concavity of the function guarantees that this process converges to equilibrium values for a ij ⁎ and the output level of each industry. It is exactly this way, by which the solution of the system comprising Eqs. (4) and (5) is carried out here. Alternative formulations of Leontief's pollution model with additional Biocapacity as a quadrant in an extended input-output model would lead to a different solution method of the system, though the results should not be different from the ones presented here.
The part of output in each industry corresponding to Biocapacity overshooting can finally be defined by coefficients ɛ that are elements of a diagonal matrix, Ê:
2.2. The input-output price model
As has been noted above, one important property of the model outlined here is that prices are not independent of quantities. This might be seen as the main difference of the extended model compared to the standard input-output model. More specifically it is the difference between the absolute level of emissions (directly linked to the level of output) and the absolute resource constraint (Biocapacity) that exerts a direct influence on prices. The consequences can be shown by the solution of the price model. Starting point is the formulation of the unit cost c for the part of output reconcilable with Biocapacity (x -):
In Eq. (7) v -is the value added coefficient for this part of the output comprising labour inputs and different capital input components (depreciation, gross operating surplus) per unit of output. Note that no rent components are included in this formulation like in Duchin (2005) and Julia and Duchin (2007) , but the (Ricardian) rent arises from the output price increase in the extended model.
In the extended model it is not the unit cost c
determines the price level of gross output, but the marginal cost of producing output with a technology that avoids the emergence of Ecological Deficit:
In Eq. (8) the extended matrix of inputs A ⁎ as well as a new vector of value added coefficients v ⁎ are taken into account. This is based on the assumption that a technology for making additional land biophysically productive also implies additional inputs of labour and capital as well as land rent. Again the analogy to Ricardo's model becomes obvious, as the output price level is determined by the cost of the last unit that has to be produced in order to accomodate demand.
This price level can now be written as comprising the unit costs of producing x -, the unit costs for the overshooting output part Ê x as well as a residual, ρ:
In Eq. (9) the unit costs are each weighted with their shares in total gross output, given by the diagonal matrix, Ê . Expression (9) makes the irrelevance of the non-substitution theorem in this extended model explicit: output prices are directly dependent on the level of output in the case of overshooting Biocapacity. The part of overshooting output is measured by the coefficients in matrix Ê . Output growth is accompanied by a shift in the weights from the technology determined by v -and A to the more input-intensive technology determined by v ⁎ and A ⁎ . This mechanism describes the dependence of output prices on the output level in the case of a binding resource constraint. As Duchin and Steenge (2007) have shown recently, the non-substitution theorem (a standard assumption in the input-output model) only holds, if factor availabilty is unconstrained.
The residual component ρ can be seen as a Ricardian rent per unit of output that arises from an increase in output prices as output growth becomes more input-intensive due to a binding resource constraint. The market price is determined by the price level p ⁎ , although part of the output is produced by 3 The term 'biophysically productive' is used for the description of Biocapacity areas in the Footprint accounts. In this context it is assumed that some economic activity (reforestation, cultivation) is necessary in order create additional Biocapacity. ). It is exactly this difference that leads to the emergence of a Ricardian rent.
That corresponds to the Ricardian statement that the rent is due to a high price level and not vice versa. Total Ricardian rent, R is then given as the scalar that equals the product of the vector of rent coefficients ρ with the gross output vector x from the solution of the quantity model.
Expressions (10) and (11) define the derivation of this rent, which in terms of national accounting would be part of the gross operating surplus, as it is part of the residual between the nominal value of output and costs. The rent is not really earned by a factor, but is a hypothetical income, which would be earned by firms, if the output level was reconcilable with Biocapacity.
Empirical results for Germany
Starting point for a first empirical application of the model framework outlined above are the Ecological Footprint accounts and the quadratic input-output table (domestic production) for Germany. It must be strongly emphasized, that the empirical application presented here is hardly more than an arbitrary numerical example of the concept laid down in Section 2. It is not intended to calculate the total 'true' Footprint of German economic activity, but rather to show the derivation of 'Ecological Rent' from an input-output model with Ecological Footprint accounts. One very important negligence consists of leaving out the impact of imports on the Ecological Footprint and using only the direct Footprint of domestic production. It shall be estimated, how important this shortcoming is in terms of omitted quantitative environmental impacts. Another problem is that the data used imply some mix of different base years, as the latest (2006) edition of Ecological Footprint accounts from GFN contains data for the year 2003 whereas the input-output table stems from 2000. As a first step the Footprint data have been converted to units of total level of area (mill. global ha) by using the GFN population data.
The published Ecological Footprint data as shown in Table 2 exhibit some degree of disaggregation. This is a first indication for assigning the single parts of total Footprint to the industries in the input-output table. The methodology of disaggregation of Footprint accounts is oriented along the lines of Wiedmann et al. (2006) , but does not use the same level of methodological detail. The original input-output table 2000 for Germany has been published by the German Statistical Office at the level of NACE 2 digit industries (about 60 industries). It must be further noted here, that the direct Footprint of private household activities that results from the disaggregation is not taken into account. This is especially relevant for the Carbon Footprint. The assignation of the single Footprint categories to the industries has been carried out in the following way:
-Cropland Footprint, grazing land Footprint: these categories have been directly allocated to agriculture -Forest, timber, pulp and paper Footprint, forest fuelwood Footprint: these categories have been directly allocated to forestry -Fishing ground Footprint: this category has been directly allocated to fishery -Carbon Footprint: Starting point was the data set of CO 2 emissions by industry from German NAMEA accounts. Total CO 2 emissions for 2003 have then be related to the total Carbon Footprint for the same year. That resulted in an 'absorption factor' in the dimension of land (in ha) per ton of CO 2 emission that has been used for calculating the Footprint by industry. -Nuclear Footprint: this category has been directly allocated to Electricity, gas and water supply. -Built-up land Footprint: Starting point was the data set of land use by industry from German NAMEA accounts. Total land use data of NAMEA have then be adjusted to the total Built-up land Footprint from GFN accounts for 2003 which resulted in a considerable upward adjustment. Built-up land Footprint by industry has then be calculated by applying this adjustment factor to the NAMEA land use data.
For the distribution of Biocapacity data by industry the following methodology has been used: -Cropland Biocapacity, grazing land Biocapacity, fishing ground Biocapacity, built-up land Biocapacity: these categories have been distributed in the same way as the corresponding Footprint categories. -Forest Biocapacity: It was assumed that all the other Footprint categories use total national Forest Biocapacity for resource supply and emission absorption and that total Forest Biocapacity can therefore be distributed in the same proportion as these Footprint categories across industries.
The results of these calculations yield Footprint and Biocapacity data by industry fully consistent with the totals for production (not including consumption) from official Footprint accounts (source: GFN). From these Footprint data by industry the Footprint coefficients can be derived by dividing through the gross output level. That yields in a next step Biocapacity output by using these Footprint coefficients together with Biocapacity data according to Eq. (2). Table 3 shows the results for these variables. The original calculations have been carried out at the level of 2 digits of NACE, where agriculture and forestry are separated. This is important, as the main source of additional Biocapacity for absorbing the Carbon Footprint stems from the forestry sector. Only for the model calculations the industries have been aggregated to a 28 industry-classification. Biocapacity output is in general by about 67% lower than actual output. This relationship is considerably lower for the personal services sector and considerably higher for emission-intensive industries (e.g. Electricity, gas and water supply). In order to get an idea of the quantitative importance of neglecting the Footprint linked to imports, the vector of netimports from the German input-output table has been multiplied with the Footprint coefficients described above. That yielded a total of about 38 millions of global hectares attached to net-imports, equivalent to 12% of total Footprint of domestic production. Table 4 shows the results for splitting up of final demand into the Biocapacity (consistent) part and the overshooting part. These calculations have been carried out by applying Eq. (3) to the Footprint and input-output data. The main result is that the differences across industries increase, compared to the gross output data due to the sectoral interrelations from the input-output table. The total result is the same as for gross output, namely an actual demand level of about 67% above the Biocapacity level. It is worth noting that in the domestic inputoutput table used here the Biocapacity level of final demand might become even negative. As the actual final demand vector comprises total imports, the interpretation is that imports of goods from this industry must exceed final demand in order to achieve a level reconcilable with Biocapacity. This is another indication for the importance of incorporating the Footprint of consumption as well as of imports in a consistent way.
For extending the input-output framework as laid down in Section 2 the coefficients of the 'additional technology' in Eqs. (5) and (8) have to be determined. The coefficients a iF have been taken from the column of the forestry sector in the inputoutput table. The inputs of this sector have been divided by the Biocapacity of the forestry sector and the result is interpreted as the specific input structure of providing one hectare of a biophysically productive area. As far as the value added coefficients in the vector v ⁎ are concerned, the original value added coefficients have been augmented by the specific labour and depreciation inputs (per hectare) of the forestry industry plus the price of land rent in agriculture and forestry in Germany. Table 5 contains the main results from the solution of the extended quantity model. Total output has increased slightly (about 1%) due to additional intermediate demand given by the additional technology. The largest output increase can be found in the agriculture, forestry and fishing sector, as this is the most important input in the a iF coefficients. The elements of matrix E measuring the overshooting part of output range from 50 to 80% as in Table 3 . The main difference that arises in the extended model compared to the standard model is a much higher activity in the forestry sector in order to provide the biophysically productive land. The model solution guarantees that enough additional Biocapacity is provided in order to eliminate the Ecological Deficit in each industry.
The augmented matrix of technical coefficients from the solution of the quantity model can then directly be used to solve the price model. That yields the results shown in Table 6 . The overall increase in output prices induced by introducing the additional Biocapacity in the economy is only 5.3%, although the overshooting part of gross output is about 60% across industries. This result is closely linked and highly sensitive to the assumptions about the additional technology for Biocapacity. These assumptions all reflect linear average input coefficients, especially for rent prices of land. It is probable that this assumption might not hold in the case of a large increase in demand for biophysically productive land. Land prices and as a consequence land rent prices might increase considerably in such a scenario.
On the other hand the results in Table 6 reveal that for some industries important price increases are the consequence of eliminating the Ecological Deficit. That is in first instance the case for the sector that provides the additional Biocapacity, namely agriculture, forestry and fishing. Emission intensive industries like 'Electricity, gas and water supply' are also characterized by significant price increases. These price impacts in primary sectors in turn generate price effects in the corresponding industries hat use these commodities as inputs, as for example 'Food, beverages and tobacco'.
The consequence of the price increase is the emergence of a rent component in value added which amounts to 0.3 of gross output in agriculture, forestry and fishing and to 0.2 in Electricity, gas and water supply. Overall the rent component amounts to 0.02 of gross output. The last column in Table 6 contains the Ricardian rent as a percentage of value added of each industry. For those industries with high price increases the rent constitutes a large part of the original value added. For the total economy the rent represents about 4% of this original value added.
The general purpose of these calculations is to show how the concept of economic production or demand that overshoots Biocapacity can be translated into an economic measure of cost (Table 7) . The numerical results are highly sensitive to the assumptions about the 'additional technology' introduced in the input-output framework in order to supply the necessary Biocapacity. It is to suspect that the large increase for biophysically productive land that results from 
Conclusions
The main result of this paper is the derivation of an economic indicator from an extended input-output model with Ecological Footprints, Biocapacity and a technology for additional Biocapacity cultivation by industry. Different measures of the cost of eliminating the Ecological Deficit can be derived from the solution of this extended input-output model. One measure coincides with a Ricardian rent that emerges due to an output price increase linked to the elimination of the Ecological Deficit.
The numerical results in Section 3 must be qualified as a first illustrative application and can only be interpreted by taking into account the underlying shortcomings and strong assumptions. The most important shortcomings are the negligence of Footprint accounts for private consumption and for external trade. Another weakness is the ad hoc methodology of dissagregation of Footprint and Biocapacity accounts, which is based on strong assumptions.
This should be extended in future empirical applications to a make-use system as in Wiedmann et al. (2006) and to an inclusion of direct Footprints of household activity. Another strong assumption refers to the costs of additional inputs for Biocapacity.
All these critical issues must be necessarily dealt with in future empirical applications of the concept laid down in this study. The sensitivity of results to these assumptions should be checked in further development of the methodology. One sensitivity analysis could consist of a different assignation of the non-specific Biocaopacity to industries, e.g. in equal proportions.
Another important possible extension for future empirical applications is the test of different alternative formulations of Leontief's pollution model for this concept. The model should also be formulated with the cultivation of Biocapacity as one single activity instead of distributing it to the industries. This might give additional results in terms of economic measures of the cost of eliminating the 'Ecological Deficit'.
Future empirical research on the technology of Biocapacity cultivation should also allow developing this part of the model further and ending up with more or less accepted factors like in the case of the methodological basis of Footprint accounts. 
